2) The observed time series is expanded to a suitable power of 2 by adding an appropriate number of zeros.
The length of the expanded series is primarily determined by the requisite frequency resolution. The time function is then converted into a sine and a cosine series using the Cooley-Tukey algorithm for fast Fourier transformation.
3) Instrumental distortions of phase and amplitude may be removed in the complex domain at this stage, by correcting for the real and imaginary parts of the instrumental response.
These corrections may be determined by least-squares inversion of the calibration signal which appears on all WWSSN recordings (Mitchell and Landisman, 1969) . 4) The array of center frequencies, which are related by a constant ratio, is evaluated for the filters which will be used next. The length of the time series and the sampling rate determine the frequency of the harmonic components obtained from the Fourier series.
It is usually impossible to find the exact counterparts of the elements of the array among these harmonics.
The peak of the Gaussian function may not, therefore, coincide with any of the Fourier coefficients. In the cases presented in this paper, the maximum deviation of the harmonics from the peak frequencies is always less than 1.5% (1/4 of the change of frequency between adjacent columns) and in general is much less. The periods which are used to label the columns in Figure 1 correspond to the array of frequencies related by the constant ratio discussed above.
5) An array of times is found for the preselected values of group velocity (rows in Figure 1 ). 6) Filtration is accomplished by windowing the seismic spectrum with a filter func- tion which is symmetric about the current center frequency.
7) The quadrature spectrum is formed for calculation of the instantaneous spectral amplitudes and phases.
8) The inverse Fourier transforms of the in-phase and quadrature spectra are computed with the same algorithm for fast Fourier transformation, previously used in step 2. 9) Instantaneous spectral amplitudes and phases are computed for each of the group arrival times.
The procedure described in steps 6 through 9 must be repeated for each center frequency.
Some simple synthetic seismograms were constructed in order to test the precision and resolving power of the multiple filter technique.
These seismograms are by no means intended to represent the real Earth. The only purpose of their construction was their use in these tests.
Theoretical phase velocity dispersion curves for the fundamental Love, Rayleigh and first shear modes were used in the construction of the synthetic seimograms.
The medium response, attenuation and instrumental response were not taken into consideration. A symmetric time function was chosen for the source, and the phases for each of the harmonics were computed for a given path length for each of the three modes above. The amplitude spectrum was arbitrarily chosen so that the synthesized time functions would roughly resemble observed seismograms.
The combined spectrum was obtained by a summation of the complex harmonic components for each mode. The ellipticity for the Rayleigh mode was assumed to have the constant value of -0.8i, assuring retrograde elliptical motion.
The ellipticity for the first shear mode was taken to be +0.5i, which corresponds to prograde motion.
The previously cited algorithm was used to transform the harmonic components into a time series. Figure 5 shows the result of processing the vertical synthetic seismogram by the multiple filter technique for periods from 3 to 120 sec.
The amplitude contours are drawn at 5db intervals (thin lines). Local amplitude maxima along each of the columns are flagged with a minus sign to assist in the interpretation of the contour diagram. These marks are particularly useful at the slowly changing portions of the group velocity curves (Airy phases).
The amplitudes can be presented on a linear scale for improved resolution of values within 20db of the maximum.
However, in seismograms where the signal has a large dynamic range, the logarithmic amplitude scale is preferable.
In Figure 5 , the theoretical group velocities for the Rayleigh and first shear modes are drawn with thick lines.
The black dots represent group velocities inferred from the contours.
The difference between the interpreted and theoretical curves does not exceed 0.01km/sec.
An especially thorough analysis of the seismic motion is possible when records are available from three mutually orthogonal instruments.
The amplitude and phase information determined by either moving window analysis or the multiple filter technique aids in the association of various types of wave propagation with their characteristic patterns of vibration. These quantities, measured as functions of group arrival time, constitute some of the best available criteria for the separation and identification of Love waves, Rayleigh waves and higher modes of both types.
The phase and amplitude measurements of the horizontal components also permit the determination of lateral refraction in the horizontal plane as a function of period and group arrival time.
The least-squares inversion method for evaluation of the seismometer-galvanometer system constants from a calibration pulse (Mitchell and Landisman, 1969 ) permits the precise separation of horizontal components and helps to insure the dependability of the subsequent analyses.
Fourier amplitudes and phases obtained The filtered record and its display are shown at the right.
After filtering, the crest line of the contours remains close to the peak-and-trough group velocity determinations, while the level of the disturbances is remarkably reduced.
It is conceivable that the time-variable filtering process, and in particular that part Aki (1957 Aki ( , 1964 , Douze (1967) , Bloch and Hales (1968) , and others have discussed various forms of cross-correlation in connection with seismic measurements, the usefulness of this process for the determination of phase velocity will be demonstrated analytically and numerically in this section. Phase velocities determined by cross-correlation and by phase differences will be compared, using identical digitized data. Phase velocities calculated from the phase spectrum of the cross-correlogram of a pair of filtered seismograms are usually quite stable. These velocities are generally more reliable than those obtained by taking phase differences between the same seismograms because the residual noise is usually not correlated between the two records.
A temporal window applied to the inter-station cross-correlogram .4) which is the cross-correlation integral. The result just established means that the phase delay function of the entire crosscorrelogram is identical with that obtained from the difference between the phase delay functions of the individual seismograms.
The practical significance of the crosscorrelation method, as applied to seismograms contaminated by noise, is related to the fact that only a fraction of the entire crosscorrelogram is needed for evaluation of the inter-station phase delay curve. The interstation separation is always smaller than the epicentral distance to the further station, and it usually is also less than the distance to the closer one.
The cross-correlogram thus exhibits less dispersion than either of the individual recordings.
The signal-tonoise ratio of the correlogram can always be greater than that which results from the summary effect of the noise contained in the individual recordings, if the time limits of cross-correlation are properly chosen. The improved signal-to-noise ratio results from the fact that the entire signal is correlated while only a portion of noise energy enters the crosscorrelogram.
The noise usually has a random distribution of phase velocities.
For this reason, phase velocities determined from signals recorded on seismograms contaminated with noise should be more reliable if the crosscorrelogram is smoothly windowed before Fourier transformation.
The window function is designed to enhance the signal-tonoise ratio by emphasizing those portions of the correlogram which are associated with the signal, at the expense of portions contaminated with noise
The spread of the lags used in the crosscorrelation operation should be chosen such that the temporal length of the correlogram is about five times as great as the longest period of interest.
Also, for best results the signal should be located near the center of the cross-correlogram. The phase velocities calculated from phase differences exhibit discontinuities at periods of 56sec and 98sec in Figure 10a and 50sec in Figure 10b . No such discontinuities (corresponing to an erroneous change of one circle in the phase delay curve) can be seen in the diagrams representing phase velocities calculated from the cross-correlograms.
This in- dicates that greater phase stability is attached to the cross-correlation method in regions of reduced signal-to-noise ratio. It also may be noted that the scatter of the velocity values is several times less in cases where the crosscorrelation technique has been applied. This is achieved by: 1. restricted interval of cross-correlation (complete removal of some disturbances).
2. modulation by windowing (suppression of disturbances caused by residual noise which has inter-station phase velocities other than those of the signal). The effect of the first of these considerations will largely depend upon the ratio of the temporal length of the actual cross-correlogram to the sum of the lengths of the two seismograms, which is equivalent to the length of the entire cross-correlogram. This ratio is 0.5 in the case shown in Figure 10a and 0.8 in Figure 10b . It may be noted that the phase velocities in Figure 10a , which result from cross-correlation, do not show any major disturbances corresponding to those present
